Moreover, it remains unclear whether the plastic processes that occur in motor cortex and striatum during each stage of learning are similar or different and whether fast and slow motor skill learning are mediated Summary by different gradations of similar ongoing processes or distinct processes altogether. Some of these questions Background: Motor skill learning usually comprises "fast" improvement in performance within the initial are difficult to address with current imaging techniques, which provide valuable information about the overall training session and "slow" improvement that develops across sessions. Previous studies have revealed changes activity in a particular brain region but do not differentiate between changes in number, type, or activity pattern in activity and connectivity in motor cortex and striatum during motor skill learning. However, the nature and of neurons. We therefore developed and implemented a method for multielectrode recordings in awake-behavdynamics of the plastic changes in each of these brain structures during the different phases of motor learning ing mice by using microwire arrays, which can be used to investigate those issues. Using this method, we simulremain unclear. Results: By using multielectrode arrays, we recorded taneously recorded the activity of neuronal ensembles in motor cortex and dorsal striatum to investigate the the simultaneous activity of neuronal ensembles in motor cortex and dorsal striatum of mice during the differnature of the plastic changes in each structure during fast and slow motor skill learning in mice. We employed ent phases of skill learning on an accelerating rotarod. Mice exhibited fast improvement in the task during the the accelerating rotarod task, which allows us to investigate the neural correlates of motor skill learning in the initial session and also slow improvement across days. Throughout training, a high percentage of striatal (57%) absence of the associative and working memory components of other motor learning tasks. We found that a and motor cortex (55%) neurons were task related; i.e., changed their firing rate while mice were running on the high percentage of striatal and cortical neurons are modulated during the performance of this highly repetitive rotarod. Improvement in performance was accompanied by substantial plastic changes in both striatum and motor task and that there is extensive but differential functional rearrangement of cortical and striatal circuits motor cortex. We observed parallel recruitment of taskrelated neurons in both structures specifically during the during the fast and slow phases of motor skill learning. first session. Conversely, during slow learning across sessions we observed differential refinement of the firing Results patterns in each structure. At the neuronal ensemble level, we observed considerable changes in activity Method for Multielectrode Recordings within the first session that became less evident during in Awake-Behaving Mice subsequent sessions.
Under these conditions, we were able to simultaneously implanted 32 microwires in each mouse (16 in each hemisphere). Four animals were implanted in both dorrecord many single units per mouse ‫81ف(‬ with 32 electrodes per mouse), occasionally several with the same sal striatum and motor cortex, and three other animals were implanted bilaterally in dorsal striatum. In the acelectrode ( Figure 1A ), in both cortex and dorsal striatum ‫5.0ف(‬ units per electrode in striatum and ‫7.0ف‬ in cortex).
celerating rotarod task, animals learned a novel and highly stereotypical sequence of movements that alUnits were selected online by using a waveform template algorithm and then isolated offline based on wavelowed them to maintain equilibrium on a rotating rod accelerating at a constant rate. Animals were trained in form, amplitude, and interspike interval histogram by using an offline sorting algorithm (see Supplemental a single session of 10 trials per day for three consecutive days. Each trial (running period) was preceded by an Data for detailed description and criteria). We observed that the waveform recordings across a session were intertrial interval (resting period) of 300 s, during which the animal remained at the bottom of the apparatus generally very stable ( Figure 1B) , allowing us to follow single units through time. Also, the implants seemed to without walking (except for occasional turning around). Animals showed significant learning during the first day be well tolerated by the brain; single-unit recordings continued for several months after surgery ( Figure 1B) . (Figure 2A , effect of training trial F 9,60 ϭ 2.98, p Ͻ 0.05; posthoc trial one versus trial ten, p Ͻ 0.05), demonThis indicates that our methodology is appropriate for conducting long-term longitudinal studies in behaving strated by an increase in latency to fall from the rotating rod. During the second day, there was still a significant mice.
difference between the first and last trial of the session (planned comparison, F 1,12 ϭ 18.8, p Ͻ 0.05), although Fast and Slow Motor Skill Learning in the Accelerating Rotarod Task there was no overall significant effect of training trial on the latency to fall from the rotarod (F 9,60 ϭ 0.92, p Ͼ 0.05). In the present study, we trained seven implanted, isogenic mice of hybrid genetic background (B6129SF1/J) During the third day, animals had reached a plateau in which neither an overall effect of trial (F 9,60 ϭ 0.19, p Ͼ on an accelerating rotarod (4 to 40 rpm in 300 s). We 3F , and days, there was a significant change in the latency to fall during the early trials (trials one and two) of each 3H), and 23% decreased it ( Figure 3D ). In both striatum and cortex, we observed that neurons session (F 2,18 ϭ 4.96, p Ͻ 0.05, Figure 2B) , with a significant improvement from day 1 to day 2 (posthoc, p Ͻ changed their firing rate either abruptly when the trial started and sustained their activity until the trial ended 0.05), but not from day 2 to day 3 (posthoc, p Ͼ 0.05). There was no significant change in the latency achieved ("on-off" neurons, 56% of the task-related cells in striatum and 43% in motor cortex, Figures 3A-3D ) or graduduring the late trials (nine and ten) across days (F 2,18 ϭ 0.32, p Ͼ 0.05), indicating that the most substantial imally in a velocity-related manner ("velocity-correlated", 44% of the task-related cells in striatum and 57% in provement occurred during the first day ( Figure 2C) unchanged for the rest of the training days (striatum: concomitantly ( Figure 4D ). In agreement with this increase in the number of task-related neurons, during day 2, 76% to 80%, F 1,12 ϭ 0.13; day 3, 92% to 73%, F 1,12 ϭ 1.68; motor cortex: day 2, 83% to 79%, F 1, 6 ϭ this first session, the number of recruited neurons (i.e., neurons that were not task related during the early trials 0.45; day 3, 78% to 78%, F 1,6 ϭ 0.00; p Ͼ 0.05) ( Figure  5B ). Neurons changed their firing modulation depth (and and became so by the late trials) was significantly larger than the number of dismissed neurons (i.e., neurons that therefore their task relatedness) by either changing their firing rate during the running period ( In striatum, we observed an increase in velocity-correlated neurons across days, while in motor cortex we observed no change throughout training.
F 1,12 ϭ 26.3, and 29% and 6% in motor cortex, F 1,6 ϭ (62%, 40%, and 64% on days 1, 2, and 3, respectively, F 2,9 ϭ 1.42, p Ͼ 0.05) ( Figure 5A ), indicating once more 8.74; p Ͻ 0.05). In subsequent training days 2 and 3, plasticity in the activity profile of neurons continued to that the increase in number of task-related neurons occurred specifically during the first session. Together, a lesser extent ‫%72ف(‬ in striatum and ‫%42ف‬ in motor cortex). However, during each of these sessions, the these results indicate that during the fast phase of learning, the majority of the plastic changes corresponded to number of recruited neurons equaled that of dismissed neurons ( Figure 5C , striatum: day 2, 13% and 9%, F 1, 12 ϭ an expansion of the task-related neural circuitry, which occurred in parallel in both striatum and motor cortex. 0.25; day 3, 7% and 25%, F 1,12 ϭ 1.73. Motor cortex: day 2, 12% and 16%, F 1,6 ϭ 0.09; day 3, 9% and 10%, F 1, 6 ϭ Next, we investigated whether in addition to the rapid recruitment of neurons observed specifically during the 0.008; pϾ0.05). It is important to note that the fact that some animals had rather short first trials did not make first session, slower-evolving plastic changes would be observed across sessions, paralleling the slow improvea crucial contribution to the pattern of changes observed (example in Figure 4A , see Experimental Procedures). ment in motor performance. We observed an increase in "velocity-correlated" neurons across days in the striaInterestingly, when we average the number of taskrelated neurons by using all ten trials in a given session, tum ( Figure 5E , main effect F 2,18 ϭ 2.6, day 1 versus day 3 F 1,12 ϭ 7.34, p Ͻ 0.05, day 1 ϭ 33%, day 2 ϭ 47%, this value did not change from day 1 to day 3 in either the striatum (60%, 58%, and 53% on days 1, 2, and 3, and day 3 ϭ 56% of all the neurons recorded). This increase in the striatum was gradual and became signifirespectively, F 2, 18 
37.1, p Ͻ 0.05). At the onset of training the difference between the number of neurons increasing rather than
However, it is interesting to note that the average firing rate (Hz) during the running period of the population of decreasing firing rate was significantly higher than chance (zero) in striatum (44%, t 6 ϭ 2.6, p Ͻ 0.05), but neurons that constituted the ensemble did not change between the early and late trials described above or not in motor cortex (16%, t 6 ϭ 0.40, p Ͻ 0.05), while at the end of training the difference was significantly higher across sessions ( Figure 6D , early versus late, striatum: day 1 4.5 versus 4.9; day 2, 6.2 versus 5.9; day 3, 7.2 than chance in both structures (striatum 59%, t 6 ϭ 4.3, p Ͻ 0.05; motor cortex 69%, t 6 ϭ 3.7, p Ͻ 0.05). versus 7.2; motor cortex: day 1, 4.1 versus 5.6; day 2, 5.3 versus 5.9; day 3, 5.6 versus 6; p Ͼ 0.05 for all These data indicate that there are plastic changes that develop slowly across sessions with a timeframe comparisons). Moreover, the firing-rate modulation (i.e., the relationship of the firing rate during running versus corresponding to slow motor skill learning and that these plastic changes are distinct from the rapid changes obresting for a particular neuron during each trial, see methods) of the neurons that constituted the ensemble served specifically during fast motor skill learning. Furthermore, these data suggest that during slow motor did not change between early and late trials or across sessions ( Figure 6E , early versus late, striatum: day 1, skill learning some of the plastic changes occurring in dorsal striatum and motor cortex are different. 
comparisons). during Motor Skill Learning
It has been previously shown that neuronal ensemble activity in motor cortex can increasingly predict behavDiscussion ioral outcome with motor training [22] . We therefore investigated whether plasticity at the neuronal ensemble
In this study, we measured for the first time the simultaneous activity of neuronal ensembles in primary motor level during motor skill learning occurred in striatum and motor cortex. By using the neuronal ensemble activity cortex and dorsal striatum during motor skill learning in mice. For this purpose, we developed a methodology from trials nine and ten of each day (similar length across all 3 days, Figure 2C ), we generated a linear model to to reliably record neuronal activity from multiple brain areas of awake-behaving mice. Our data showed that estimate the rotarod velocity throughout a trial [23, 24] . We used this model (same neuronal ensemble and concorticostriatal circuits undergo rapid and extensive re- cruitment of task-related neurons during the first sescortex, but not in dorsal striatum. The changes at single neuron and neuronal population level were paralleled sion, indicating that there is a fast expansion of the task-related neural circuitry both in striatum and cortex by changes in neuronal ensemble activity. Thus, during the first session, we observed considerable variation in during the fast phase of skill learning (day 1). In subsequent days, there was a continuous turnover of the taskthe activity of both striatum and motor cortex neuronal ensembles, which became less evident during subserelated neurons, but the percentage of recruited versus dismissed neurons reached a balance. Across days, quent sessions. The plastic changes we observed were specific to the during slow motor skill learning, we continued to observe changes in the firing profiles of the neurons, sugacquisition of a motor skill and did not arise just from general motor-related activity, because both at the singesting that besides the first recruitment phase, cortical and striatal neuronal ensembles continued to change in gle neuron ( Figure 5 ) and the neuronal ensemble levels (Figure 6 ), the plastic changes observed during day 3 parallel with further refinement of the movement [20] . Importantly, these slow changes were dissociable be-(after the animals have reached a behavioral plateau) were less pronounced than and different from the tween these structures. We observed an increase in velocity-correlated neurons throughout training in striachanges observed during days 1 and 2. The parallel expansion of the task-related neural circuitry in both tum, but not in motor cortex. Conversely, we observed a significant increment in the number of neurons increasmotor cortex and striatum during the fast phase of learning could represent a rapid way to improve motor perforing versus decreasing firing rate during running in motor Our results show that the performance of this motor ing cortex and striatum. With time, during slow learning across sessions, refinement of the firing patterns in each skill involves activation of a high proportion of the neurons both in striatum and motor cortex. These data sugstructure could facilitate further improvement of the movement. For example, the increase in velocity-corregest that performance of this novel, highly repetitive sequence of movements on the rod may involve the lated neurons in striatum could reflect improvement in action selection, while the enhancement in the proporactivation of dense (nonsparse), distributed circuits in both striatum and motor cortex. tion of neurons increasing versus decreasing firing rate in motor cortex may facilitate action performance in this All through training, we observed that about one-third of the striatal neurons decreased their firing rate during highly constrained motor task, which involves singleaxis improvement in performance. However, these running while two-thirds increased it. It would be important to determine if these two types of neurons belong hypotheses are not easily testable through the present task due to the difficulty in precisely measuring the kineto the same or to different populations/circuits; for example, to the direct versus indirect striatal pathways matics and force applied during the execution of the movement and could perhaps be addressed by using [35, 36]. tasks that allow better characterization of these parameters [8] or by using a modified version of the present Conclusion task.
In the present study, we observed that corticostriatal It is interesting to note that throughout training, even circuits undergo substantial plasticity during motor during the phase of increase in number of task-related learning. Furthermore, this plasticity differs between fast neurons, the task-related firing rate modulation of the and slow motor skill learning. During fast, within-session population of neurons ( Figures 6C and 6D) Figure 5E , motor cortex), suggest that from the surface of the brain for motor cortex (electrodes aimed at at time t and timelag u, y(t ) is a vector of velocity at time t, a(u ) is a vector of weights at timelag u, b is a vector of y-intercepts, and layer 5 of primary motor cortex) and 2-2.2mm for dorsal striatum [37] while recording neural activity. Because we used a hybrid mouse ⑀(t ) is the residual error. We considered ten lags of 100 ms into the past (as in [23] ). We used the data of the ninth and tenth trials (which strain, we used an extrapolation of the limits measured for C57/B6 and 129/Sv for the definition of our motor cortex boundaries (Ϫ2.3 were equal in length between the 3 days of training) to determine the weights for each neuron in the model. By using the same neuronal to ϩ0.56 AP; 1.0 to 2.4 ML) with the obvious inaccuracies that this extrapolation may cause. The onset of cortical layer IV was ensemble and model, we then estimated the rotarod velocity in early (one and two) and late trials (seven and eight) of each session. We considered to mark the boundary between primary motor cortex and somatosensory cortex, and no electrodes were placed beyond then calculated the correlation between the estimated and actual rotarod velocity (R 2 ) in early and late trials. Differences in R 2 between this boundary. In striatum the electrodes were aimed at the dorsolateral striatum ‫5.0ف(‬ bregma), which has been shown to receive proearly and late trials signified that the neuronal ensemble activity changed during the session; i.e., the optimal weights for each neuron jections from primary motor cortex. Final placement of the electrodes was decided based on the coordinates and the neural activity changed during the session, while no change in R 2 between early and late trials implied stability of the neuronal ensemble activity and confirmed histologically after electrolytic marking lesions, perfusion with 10% formalin, and brain fixation with 30% sucrose, 10% throughout the session. For each animal, the R 2 of the estimation trials was normalized to the average R 2 of the fitting trials. We used formalin, cryostat sectioning, and cresyl violet staining. the ratio (R 
